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ABSTRACT
Using X-ray sources as sensitive probes of stellar dynamical interactions in globular clusters (GCs), we
study the mass segregation and binary burning processes in ω Cen. We show that the mass segregation
of X-ray sources is quenched in ω Cen, while the X-ray source abundance of ω Cen is much smaller than
other GCs, and the binary hardness ratio (defined as LX/(LKfb), with fb the binary fraction, LX and
LK the cumulative X-ray and K band luminosity of GCs, respectively) of ω Cen is located far below
the LX/(LKfb) − σc correlation line of the dynamically normal GCs. These evidences suggest that
the binary burning processes are highly suppressed in ω Cen, and other “heating mechanisms”, very
likely a black hole subsystem (BHS), are essential in the dynamical evolution of ω Cen. Through the
“black hole burning” processes (i.e., dynamical hardening of the BH binaries), the BHS is dominating
the energy production of ω Cen, which also makes ω Cen a promising factory of gravitational-wave
sources in the Galaxy.
Keywords: Globular star clusters (656); Binary stars (154); X-ray binary stars (1811); Stellar mass
black holes (1611); Gravitational wave sources (677); Stellar dynamics (1596)
1. INTRODUCTION
It is well-known that the dynamical evolution of self-gravitating systems is unstable if without an internal energy
source. Two representative systems, stars and GCs, are natural laboratories to verify this theory. Indeed, both stars
and GCs are highly evolved (i.e., with the dynamical evolution Kelvin-Helmholtz timescale or two-body relaxation
timescale much smaller than their age) and a “heating mechanism” is essential in maintaining their thermal (or quasi-
thermal) equilibrium states and avoiding core collapse (Heggie & Hut 2003). Moreover, stars and GCs are also very
similar to each other in the aspect of evolution: both systems are subtly balanced by the production of energy in
the core and the outflow of energy from the system, which suggest that it is the structure of the whole system rather
than only the central core that controls the energy production rate of a star (or GC). For stars, this principle was first
summarized by Eddington (1926), and is regarded as one of the fundamental principles of stellar evolution. While the
same principle in GCs was first realized by He´non (1975), although the nature of the internal energy source was not
very clear at that time.
We now know that binary is the pivotal ingredient of internal energy source in GCs. Through dynamical encounters,
hard binaries (with bound energy |Eb| larger than the average stellar kinetic energy Ek of stars in GCs) tend to
transfer energy to fly-by stars and “heat” the cluster (i.e., the binary burning processes), which is sufficient to delay,
halt, or even reverse the core-collapse of GCs (Heggie & Hut 2003; Fregeau et al. 2003). Meanwhile, the surviving
main sequence (MS) binaries will become more and more compact after the dynamical encounters (Hills 1975; Heggie
1975), which may lead to the formation of many exotic objects in GCs, such as low-mass X-ray binaries (LMXBs;
e.g., through exchange encounters; Rasio et al. 2000; Ivanova et al. 2010; Giesler et al. 2018; Kremer et al. 2018a),
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millisecond pulsars (MSPs; the offspring of LMXBs; Ivanova et al. 2008; Ye et al. 2019), cataclysmic variables (CVs;
Ivanova et al. 2006; Shara, & Hurley 2006; Belloni et al. 2016; Hong et al. 2017; Belloni et al. 2017, 2019), coronal
active binaries (ABs) and blue straggler stars (BSS; Fregeau et al. 2004; Chatterjee et al. 2013). According to the
He´non principle, there should be a global parameter, which may connect the cluster structure and binary burning
products in GCs.
In fact, this parameter is the dynamical encounter factor (i.e., Γ, defined as an integral over the cluster volume
Γ ∝ ∫ ρ2/σ, with ρ the stellar density and σ the velocity dispersion), which was proposed by Verbunt & Hut (1987)
to solve the formation problem1 of LMXBs and MSPs in GCs. Applying Γ to weak X-ray sources (mainly CVs and
ABs), Pooley et al. (2003) suggested that most weak X-ray sources are dynamically originated in GCs, by finding a
strong correlation between the X-ray source counts (N) and Γ in a dozen GCs. However, using the GC cumulative
X-ray luminosity (LX) as a proxy of N , Cheng et al. (2018a) demonstrated that LX , Γ and cluster mass are highly
correlated with each other in GCs, and most GCs have a slightly lower X-ray emissivity (i.e., LX per unit stellar mass)
thus a slightly lower abundance of CVs and ABs than the Galactic field, a trend opposite to LMXBs and MSPs. This
evidence indicates that the formation of CVs and ABs is suppressed, at least, in low density GCs (Heinke et al. 2020),
and many primordial binaries have been dynamically disrupted before they could otherwise evolve into weak X-ray
sources in GCs (Cheng et al. 2018a).
The lower abundance of CVs and ABs in most GCs than in the Galactic field is a challenge to our understanding of
binary burning processes as an internal energy source in GCs. Moreover, if most of the MS binaries were dynamically
disrupted rather than transformed into weak X-ray sources, the Hills-Heggie law suggests that they will serve as
a “cooling mechanism” in GCs (Hills 1975; Heggie 1975), a process further increasing the energy budget of cluster
dynamical evolution. Taking these aspects together, it is reasonable to infer that, besides the binary burning processes,
there are other alternative “heating mechanisms” in GCs.
Indeed, simulations have shown that BHs may play a fundamental role in the dynamical evolution of GCs. Due to
the mass segregation effect, BHs are expected to concentrate in the cluster center quickly (Spitzer 1969), where they
may form a high-density subsystem and “heat” the host cluster through BH burning2 processes (Merritt et al. 2004;
Mackey et al. 2007, 2008; Breen, & Heggie 2013; Arca Sedda et al. 2018). Contrary to the traditional idea that the
BHS is dynamically decoupled from the host cluster and would lead to the ejection of most BHs within a few gigayears
(Sigurdsson & Hernquist 1993; Kulkarni et al. 1993), modern state-of-the-art simulations of GCs suggest that there
is thermal contact between BHs and stars (Morscher et al. 2013, 2015; Wang et al. 2016; Kremer et al. 2019), which
dramatically increases the timescale of BH evaporation in GCs. As a result, the BHS may serve as a long-lasting energy
source in GC evolution, and many exotic objects, including gravitational wave sources (Portegies Zwart & McMillan
2000; Downing et al. 2010; Banerjee et al. 2010; Samsing et al. 2014; Rodriguez et al. 2015, 2016; Askar et al. 2017;
Hong et al. 2018; Antonini & Gieles 2020) and intermediate-mass black holes3 (IMBHs; Miller & Hamilton 2002;
Giersz et al. 2015; Antonini et al. 2019), could be created through the dynamical hardening and merger of BH bi-
naries in GCs.
According to the He´non principle, the co-evolution of BHS and host clusters may lead to remarkable influence on
the structure of GCs, especially in the cluster core. For example, compared with clusters with few BHs, simulations
show that GCs with a large number of BHs are more likely to have a large core and low central density (Merritt et al.
2004; Hurley 2007; Chatterjee et al. 2017; Arca Sedda et al. 2018; Askar et al. 2018; Kremer et al. 2018b, 2019), which
may quench or slow down the mass segregation of normal stars in GCs (Alessandrini et al. 2016; Peuten et al. 2016;
Weatherford et al. 2018). On the other hand, with a BHS occupies the cluster core and dominates the production of
energy, the binary burning processes will be highly suppressed in GCs, and GCs host a large number of BHs are more
likely to have a lower formation efficiency of LMXBs, MSPs, CVs, ABs and BSS (Ye et al. 2019; Kremer et al. 2020b).
As a result, these phenomena may offer us useful hints to evaluate the population of BHs in GCs.
Observationally, there are a growing number of BH candidates that have been identified in Galactic and extragalactic
GCs (Maccarone et al. 2007; Strader et al. 2012; Chomiuk et al. 2013; Miller-Jones et al. 2015; Bahramian et al. 2017;
Shishkovsky et al. 2018; Giesers et al. 2018, 2019; Zhao et al. 2020). Some clusters, such as M 22 (Strader et al. 2012)
and NGC 3201 (Giesers et al. 2018, 2019), are found to host more than one BH candidate, strongly supporting the
1 The abundances of LMXBs and MSPs are more than ∼ 100 times higher in GCs than in the Galactic field (Clark 1975; Katz 1975;
Camilo & Rasio 2005; Ransom 2008).
2 Following the suggestion of Kremer et al. (2020a), we call the dynamical hardening of BH binaries as BH burning in this paper, which
is distinct from the binary burning because the products are invisible in electromagnetic waves.
3 Once the IMBH is formed, it also may serve as a long-lasting internal energy source in GCs (Baumgardt et al. 2004; Trenti et al. 2007;
Gill et al. 2008; Trenti & van der Marel 2013).
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existence of a BHS in these systems. Based on the influence of BHS on the cluster structure, many authors have
studied the existence of BHS and estimated the populations of BHs in many Galactic GCs (Arca Sedda et al. 2018;
Askar et al. 2018, 2019; Weatherford et al. 2020; Askar et al. 2020). However, the suppression effect of GC binary
burning processes by BHS is rarely explored in the literature, and it remains an open question how a BHS would
influence the energy production of the host cluster.
In the previous work, we have demonstrated that the X-ray sources are sensitive probes of stellar dynamical in-
teractions in GCs. For example, by comparing the abundance ratio of X-ray-emitting close binaries to MS binaries
in star clusters, we have studied binary burning processes and tested Hills-Heggie law within 30 GCs (Cheng et al.
2018b). On the other hand, we found significant distribution dips for X-ray sources in 47 Tuc, which is consistent
with the mass segregation delay of heavy objects in GCs (Cheng et al. 2019a). Using the mass segregation effect of
X-ray sources as an indicator of cluster dynamical age, we also show that there is evident acceleration effect for cluster
dynamical evolution by tidal stripping in Terzan 5 (Cheng et al. 2019b) and M28 (Cheng et al. 2020). Besides, we
found an abnormal deficiency of X-ray sources in the central region (R . 1.5′) of M28 with respect to its outskirts,
which indicates that M28 has suffered an early phase of primordial binary disruption within its central region, and
that BHS may play an important role in creating and maintaining this peculiar distribution of X-ray sources in M28
(Cheng et al. 2020).
In this work, we explore the existence of BH burning in ω Cen, by using the weak X-ray sources as sensitive probes
of mass segregation effect and binary burning processes in this cluster. With the largest mass among Galactic GCs
(M = 3.55±0.03×106M⊙; Baumgardt & Hilker 2018), and a high central velocity dispersion (σc = 19.09+1.46−1.29 km s−1;
Baumgardt et al. 2019a), ω Cen is one of the prime targets to search for candidate IMBHs and BHS. In fact, many
authors have argued that ω Cen may host an IMBH, based on the fitting of cluster surface brightness and velocity
dispersion profile (Noyola et al. 2008; Jalali et al. 2012; Baumgardt 2017). However, the IMBH scenario is challenged
by the presence of a BHS in ω Cen, which is thought to have a similar effect in shaping the structure of this cluster
(van der Marel & Anderson 2010; Zocchi et al. 2019). Recently, using the updated HST/ACS proper motion catalogue
of Bellini et al. (2017a), Baumgardt et al. (2019a) have ruled out the existence of a massive IMBH in ω Cen. Instead,
they argue that all the data of ω Cen can be fitted by a BHS model that contains 4.6% of the mass of ω Cen.
The remainder of this paper is organized as follows. In Section 2, we describe the X-ray data analysis and creation
of the X-ray source catalog. We study the cluster mass segregation effect and binary burning processes in Section 3,
and explore its relation to the BHS in Section 4. Our main conclusions are outlined in Section 5.
2. X-RAY DATA ANALYSIS
2.1. Chandra Observations and Data Preparation
So far, there are 4 archival Chandra AICS-I observations for ω Cen. The 2001 (ObsID 653 and 1519) and 2012 (ObsID
13726 and 13727) data sets have been analysed by Haggard et al. (2009) and Henleywillis et al. (2018), respectively.
In order to detect the faintest sources in ω Cen, all observations were used in our X-ray data analysis, which amount
to a total effective exposure of ∼ 290 ks in the central region of ω Cen. Following the standard procedure4, we used
the Chandra Interactive Analysis Observations (CIAO, version 4.11) and the Chandra Calibration Database (version
4.8.4) to reprocess the data. By setting the ObsID 13726 as the reference frame, we corrected the relative astrometry
among the 4 observations, and then merged them into master event files using the CIAO tool merge obs. Three groups
of images have been created in soft (0.5–2 keV), hard (2–8 keV), and full (0.5–8 keV) bands and with a bin size of 0.5,
1, and 2 pixels, respectively. These images are used for detecting X-ray sources in this work.
2.2. Sources Detection and Sensitivity
To obtain a reliable source catalog, we employed a two-stage approach to build the X-ray sources list in ω Cen.
First, we ran wavdetect within the field of view (FoV) of the 9 combined images, using the “
√
2 sequence” wavelet
scales and aggressive false-positive probability thresholds to find weak X-ray sources. If possible X-ray sources were
missed by the wavdetect script, we also inspected the merged images visually and added them into the detection source
list. The wavdetect results were combined into a master source list, which resulted in a candidate list of 344 sources.
Then, we utilized the ACIS Extract (AE; Broos et al. 2010) package to extract and filter the candidate source list.
The AE binomial no-source probability (PB) parameter was adopted to evaluate the significance of X-ray sources. As
4 http://cxc.harvard.edu/ciao
4 Cheng et al.
demonstrated in the case of 47 Tucanae, we set a more stringent threshold value of PB . 1× 10−3 for validated X-ray
sources, which was proved to be helpful in optimizing the source completeness and reliability (Cheng et al. 2019a).
On the other hand, the threshold value of PB also offers us a criterion to calculate the limiting detection sensitivity
across the FoV of ω Cen. The resulting sensitivity maps were found to be very useful in estimating the contribution
of cosmic X-ray background (CXB) sources and Galactic interlopers (Cheng et al. 2019b, 2020).
Following the procedures presented in Cheng et al. (2019a), we checked the source validation and calculated the
detection sensitivity maps within the Chandra FoV of ω Cen. Our final source catalog contains 300 X-ray sources, with
PB . 1× 10−3 in either the full, soft or hard energy band. The locations of the X-ray sources are indicated by ellipses
in the left panel of Figure-1. As a comparison, we also highlight the 275 X-ray sources identified by Haggard et al.
(2009) and Henleywillis et al. (2018) as red and green ellipses in the figure. We reidentified those sources in red (264)
but failed to identify those in green (11) based on our source pruning criterion. With a larger effective exposure than
Haggard et al. (2009) and Henleywillis et al. (2018), 36 sources (blue ellipses) are newly detected and tabulated in our
catalog. We highlight these new detections as blue pluses in the right panel of Figure-1. It is evident that almost all
of them are located above the minimum sensitivity line.
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Figure 1. Left: The 0.5-8 keV Chandra merged image of ω Cen. The image is smoothed with a Gaussian kernel with a
radius of 3 pixels. FoVs of the 2001 (ObsID 653 and 1519) and 2012 (ObsID 13726 and 13727) data sets are indicated by
dashed boxes. Sources detected by Haggard et al. (2009) and Henleywillis et al. (2018) are marked with red ellipses and green
circles, while new detections of this work are shown as blue ellipses. The gray dashed circles represent the cluster core radius
(Rc = 153
′′; Ferraro et al. 2006) and half-light radius (Rh = 5
′; Harris 2010 edition). Right: 0.5-8 keV photon flux as a function
of projected distance from the cluster center. New detections of this work are displayed as blue pluses. The color-coded solid
curves represent the median (red), minimum (green), and maximum (blue) limiting detection count rates at corresponding radial
bins, respectively. The sensitivity peaks at R ∼ 40′′ are caused by the CCD gaps of the Chandra ACIS-I array. The cluster
core and half-light radius are shown as gray dashed vertical lines, while the radius of influence of the possible massive IMBH
(Rroi = 20
′′; Baumgardt et al. 2019a) is marked as a red dotted vertical line. X-ray sources selected by the olive dashed box
are shown in Figure-3 (a), which have the advantage of unbiased detection.
2.3. Source Properties
To derive the X-ray source properties, we utilized the AE package to extract the source photometry. The source
and background spectra were first extracted from each of the 4 observations separately, then we merged the extraction
results into composite event lists, spectra, light curves, response matrices and effective area files for each source
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through the “MERGE OBSERVATIONS” procedure of AE. Aperture-corrected net source counts and photon fluxes
are derived in soft, hard and full band, respectively. Among the 300 X-ray sources, 124 of them have net counts
greater than ∼ 30 in the full band. Using the AE automated spectral fitting script, we modeled their spectra with an
absorbed power-law spectrum. In all cases the neutral hydrogen column density (NH) is constrained to not less than
NH = 7.0× 1020 cm−2, calculated from the color excess E(B−V ) of ω Cen (Harris 2010 edition). For sources with net
counts less than ∼ 30, we converted their net count rates into unabsorbed energy fluxes, by using the AE-generated
merged spectral response files and assuming a power-law model with fixed photon index (Γ = 1.4) and absorption
column density (NH = 7.0 × 1020 cm−2). Finally, we collated the source extraction and spectral fitting results into
a main X-ray source catalog, with source labels sorted by their R.A.. Assuming a distance of 5.2 kpc for ω Cen
(Harris 2010 edition), we calculated for each X-ray source an unabsorbed luminosity in the soft, hard and full bands,
respectively. For each source, we also computed a projected distance from the cluster optical center (α = 13h26m47s.24
and δ = −47◦28′46.45′′; Anderson & van der Marel 2010). The final catalog of point sources is presented in Table 1
for the sake of future reference.
3. ANALYSIS: SOURCE RAIDAL DISTRIBUTION AND BINARY BURNING PROCESSES
From Figure-1, it can be seen that the X-ray sources are uniformly dispersed in the Chandra FoV of ω Cen, and
few bright sources (Fp & 1.0× 10−6 photon cm−2 s−1) are located within the cluster core. These features are different
from other GCs studied in this series of work (i.e., 47 Tuc, Terzan 5 and M 28; Cheng et al. 2019a,b, 2020), where the
bright X-ray sources are mainly concentrated in the cluster center and significant radial distribution dips, a signature
of mass segregation, can be observed in the Fp − R diagram. To explore the mass segregation of X-ray sources in
ω Cen, we study the radial surface density profile of X-ray sources in Figure-2 (a). Following the method used in
previous work, we adopted several components to fit the observed data (black dots) in ω Cen. The first is the cosmic
X-ray background (CXB) source, which is assumed to have a uniform spatial distribution and is influenced by the
limiting sensitivity map of ω Cen. For the 295 X-ray sources located within R < 10′, statistically 197 of them are CXB
sources, estimated with the logN–logS relation of Kim et al. (2007); while the remaining 98 sources can be reasonably
accounted for by the GC X-ray sources. Since ω Cen is far away from the Galactic disk (b ≈ 15◦), and its surface
brightness (within R < 10′) is more than 3 orders of magnitude larger than the Galactic field stars (de Boer et al.
2019), here we have neglected the contribution of Galactic foreground/background sources during the fitting5.
The CXB component (NCXB) is shown as a blue dashed line in Figure-2 (a). For the GC component (NG), we
modeled their radial distribution with the best-fitting King model (Rc = 153
′′, c = 1.31; Ferraro et al. 2006) of ω Cen,
which was convolved with the limiting-sensitivity function and normalized to match the number of GC X-ray sources.
The GC component is displayed as a green line, and the sum of CXB and GC components is shown as a red line in
Figure-2 (a). It is evident that the radial distribution of observed X-ray sources (NX) matches well with the model
predicted profile. We calculate their residuals (NX −NCXB −NG) and plot it as a function of R in Figure-2 (b). The
flat distribution of the residuals around zero suggests that the X-ray sources are uniformly mixed with MS stars in ω
Cen, and there is no mass segregation of X-ray sources in this cluster. Our conclusions are consistent with the study
of Ferraro et al. (2006), where the specific frequency of BSS is also found to be flatly distributed in ω Cen (Figure-3
(b)). We leave the implication of these findings to be addressed in Section 4.1.
As suggested by Ferraro et al. (2006), the uniform mixture of BSS (X-ray sources) with normal stars in ω Cen rules
out the dynamical origin of BSS (X-ray sources), and primordial binary evolution is responsible for the formation of
these objects in ω Cen. However, using the X-ray emissivity as a proxy of the X-ray source abundance, we found
a significant paucity of X-ray sources in ω Cen relative to other Galactic GCs and the galaxy field environment,
represented by the Solar Neighborhood and Local Group dwarf elliptical galaxies (Cheng et al. 2018a). Besides, the
direct source-counting method also shows that the abundance (specific frequency) of CVs (BSS) in ω Cen is at least
2-3 times (40 times) lower than that in the Galactic field (Ferraro et al. 2006; Haggard et al. 2009; Henleywillis et al.
2018). These evidence indicate that, even the primordial binary channel, is highly suppressed in ω Cen. According
to the Hills-Heggie law, the dynamical evolution of binaries depends on the average stellar kinetic energy (Ek ∝ σ2)
of the cluster, and there exists a watershed orbital separation (i.e., aw, with Eb = GM
2
∗/2aw ∼ Ek, and hence
aw ∝ σ−2) for MS binaries in GCs. Stellar encounters involving hard binaries (a < aw) tend to make them harder,
whereas encounters involving soft binaries (a > aw) drive them softer and they are eventually disrupted (Hills 1975;
5 Haggard et al. (2009) and Henleywillis et al. (2018) found some of the X-ray sources could be Galactic active stars. However, as
illustrated below, the introduction of a uniformly distributed Galactic component will not change our conclusions.
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Figure 2. (a): Radial surface density distribution of X-ray sources in ω Cen. The detected X-ray sources (NX) are plotted as
black dots, while the contribution of CXB sources (NCXB) is displayed as blue dashed line. We modeled the GC component
(NG; green line) with the best-fitting King model of ω Cen, which was convolved with the limiting sensitivity function and
normalized to match the number of GC X-ray sources. The red line is the sum of the CXB and GC components. (b): Residuals
of NX − NCXB − NG, the horizontal red dashed line represents a uniform mixture of X-ray sources and normal stars within
ω Cen. (c): Binary hardness ratio as a function of central velocity dispersion in star clusters. This image is adopted from
Cheng et al. (2018b), ω Cen is marked with the blue rectangle.
Heggie 1975). If most primordial binaries were not transformed into X-ray-emitting close binaries, they may have
been dynamically destroyed and served as a “cooling mechanism” in ω Cen. Therefore, it remains an open question
whether there are binary burning processes in ω Cen.
To check the binary burning processes of GCs, we have tested the Hills-Heggie law against the binary hardness ratio,
defined as the relative abundance ratio of X-ray-emitting hard binaries to MS binaries and traced by LX/(LKfb),
in dozens of GCs (Cheng et al. 2018b). As demonstrated in Cheng et al. (2018b), the stellar encounters of GCs are
dominated by MS binaries, thus the binary hardness ratio, which could also be regarded as the transformation rate
of MS binaries into X-ray-emitting close binaries, is a sensitive probe of binary burning processes in GCs. With more
than 15 distinct stellar populations having been identified (Bellini et al. 2017b), it is hard to estimate the fraction (fb)
of MS binaries precisely in ω Cen. Based on the counting of potential MS binaries on the color–magnitude diagram
(CMD) of ω Cen, Bellini et al. (2017b) estimated a lower limit of fb > 2.7% for ω Cen. While comparing the CMD
of ω Cen with simulated models, Sollima et al. (2007) constrained an upper limit of fb < 15% for ω Cen. The X-ray
emissivity of ω Cen was measured to be LX/LK = 1.26
+0.14
−0.10×1027 erg s−1 L−1K,⊙ (Cheng et al. 2018a), which corresponds
to a binary hardness ratio of 7.73× 1027 erg s−1 L−1K,⊙ < LX/(LKfb) < 5.19× 1028 erg s−1 L−1K,⊙.
In Figure-2 (c), we compared the binary hardness ratio of ω Cen (blue rectangle) with other star clusters studied
in Cheng et al. (2018b). According to the Hills-Heggie law, primordial binaries would be either transformed into X-
ray-emitting close binaries or dynamically disrupted by stellar encounters, and the value of LX/(LKfb) is sensitive to
the watershed orbital separation aw of GCs. Therefore, the locations of star clusters on the LX/(LKfb)− σc diagram
are helpful in evaluating their binary burning levels. For dynamically normal GCs (purple squares), their best-fitting
function (purple solid line) can be written as LX/(LKfb) ∝ σ1.71±0.48c . The fitting slope is roughly consistent with the
prediction (i.e., aw ∝ σ−2) of the Hills-Heggie law and suggests that binary burning processes are taking place in these
clusters; Core-collapsed GCs (olive dots) have a larger binary hardness ratio than the dynamically normal GCs, they
are running out of their primordial binaries, and the contraction of cluster core will shorten the timescale of binary
encounters, thereby boosting the extraction of energy from harder binaries; Other star clusters, such as NGC 6366 and
open clusters (blue diamonds), are suffering strong tidal stripping effects and tend to disperse quickly, thus evaporation
and mass segregation effects will leave these systems a large fraction of binaries and a lower stellar velocity dispersion,
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which drives them to evolve toward the upper left in the LX/(LKfb) − σc diagram. Obviously, it can be seen from
Figure-2 (c) that ω Cen is located far below the fitting line of the dynamically normal GCs, which is opposite to the
core-collapsed GCs and the open clusters, indicating that the binary burning processes are highly suppressed in this
cluster. The implication of this finding will be discussed in Section 4.2.
4. DISCUSSION: THE ROLE OF BHS IN ω CEN
4.1. Quenching of Mass Segregation by BHS in ω Cen
By and large, GCs are driven to reach equipartition states by two-body relaxation, in which the velocity dispersion
scales with stellar mass (m) as σ ∝ m−η, with 0 ≤ η ≤ 0.5 to quantify the degree of equipartition (0 for none and
0.5 for full). With long enough time, one may expect clusters to reach full equipartition. However, using a suite of
direct N-body simulations, Trenti & van der Marel (2013) found clusters will never reach full equipartition, and there
is a maximum value of ηmax ≈ 0.15 for the MS in GCs, while stellar remnants may reach a larger η than ηmax, but
its value is still smaller than 0.5 in all simulations (Trenti & van der Marel 2013). The reason may lie in the effect of
the gravitational potential of GCs, where slow-moving massive stars tend to fall into cluster centers, and fast-moving
low-mass stars tend to migrate outward and escape from the cluster; hence only partial energy equipartition can be
established in GCs. Through Monte-Carlo cluster simulations, Bianchini et al. (2016) studied the mass-dependent
stellar kinematics in GCs. They showing that σ(m) can be described by an exponential function, σ2 ∝ exp(m/meq),
with the scaling parameter meq quantifying the degree of energy equipartition. In this regard, stars more massive than
meq are in complete equipartition (η = 0.5), while stars less massive than meq have values of η that vary linearly as
a function of stellar mass (η = m/2meq), and there is a tight correlation between meq and the number of relaxation
times (nrel) a cluster has experienced (Bianchini et al. 2016):
meq = (1.55± 0.23) + (4.1± 0.31)n−0.85±0.12rel , (1)
where nrel = Tage/trc and Tage and trc are the cluster age and core-relaxation timescale, respectively.
Observationally, one can evaluate the dynamical evolution states of GCs either by measuring the slope η of the
σ −m relation directly, or by studying the mass segregation of stars within GCs. Indeed, using the BSS as sensitive
probes of mass segregation, Ferraro et al. (2012) show that GCs can be classified into three families with increasing
dynamical ages. In this scenario, the radial specific frequency of BSS is flatly distributed in dynamically young (Family
I) GCs, and two-body relaxation will drive BSS segregation to cluster center, modifying the flat BSS distribution into
a bimodal shape, with a central peak, a dip, and an outer rising branch in intermediate dynamical age (Family II)
GCs. As the cluster evolves, the radial distribution dip will propagate outward gradually, and eventually leading to a
BSS distribution with only a central peak in dynamically old (Family III) GCs.
Following the method used in Cheng et al. (2019a), we calculate the specific frequency of X-ray source in ω Cen
and plot it as a function of R in Figure-3 (a). For comparison, we also display the radial distribution of BSS of ω
Cen (with data adopted from Ferraro et al. 2006) with orange dots in Figure-3 (b). The flat radial distribution of
X-ray sources and BSS suggest that ω Cen is a typical Family I cluster, which is dynamically young and that its core
has not been relaxed yet (Ferraro et al. 2012). However, using the HST/ACS observation data with a 4-year baseline,
Anderson & van der Marel (2010) derived a proper-motion catalog of stars within the central region (R < 7′) of ω
Cen. They found a value of η ≈ 0.2 for stars with mass of 0.5M⊙ ≤ m ≤ 0.8M⊙ in ω Cen. While extending the
time-baseline to 8 years, Bellini et al. (2013) refined the proper-motion catalogue of Anderson & van der Marel (2010)
and derived a value of η = 0.16± 0.05 for stars in the mass range of 0.3M⊙ ≤ m ≤ 0.8M⊙ (Bellini et al. 2018). On
the other hand, by comparing the proper-motion of BSS and MS turnoff (MSTO) stars directly, Baldwin et al. (2016)
show that the velocity dispersion of BSS is comparable to that of the MSTO stars in ω Cen, with σBSS/σMSTO =
1.02± 0.04. These evidence suggest that MS stars have reached their peak value, ηmax, at the central region of ω Cen
(Trenti & van der Marel 2013), but the mass segregation of BSS (X-ray sources) is inhibited in this cluster.
A possible explanation is that there is a BHS in ω Cen. With a much larger average mass than BSS and X-ray
sources, the BHs are expected to settle in the cluster center quickly and form a BHS, which may influence the mass
segregation of BSS and X-ray sources in two ways. First, the BHS may serve as a dominating energy source in GCs,
and its thermal coupling with the host cluster may drive the cluster to expand (Mackey et al. 2008; Giersz et al. 2019).
Thus GCs with a BHS are more likely to have a puffy structure, which enhances the two-body relaxation timescale
and slows down the mass segregation of BSS and X-ray sources in GCs (Alessandrini et al. 2016; Peuten et al. 2016;
Weatherford et al. 2018; Arca Sedda et al. 2018). Second, the BHs may quench the mass segregation of heavy stars
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(such as BSS, X-ray sources and MS binaries) by directly expelling them out of the cluster center via gravitational
encounters, so that energy can be effectively transferred from the BHS to the host cluster and launch the outflow of
energy in GCs. As a result, it is the heaviest objects (m ∼ meq) that determine the stellar equipartition and dominate
the mass segregation (dσ/σ ∝ dm/meq) of GCs (Bianchini et al. 2016).
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Figure 3. A comparison of the radial specific frequency of X-ray sources and BSS in ω Cen (left panels) and 47 Tuc (right
panels). For the 132 X-ray sources selected in ω Cen (i.e., olive dashed box in Figure-1), about 95 of them are CXB sources.
Assuming that the CXB sources are uniformly distributed in the Chandra FoV, we corrected the CXB contamination and
calculated the value of RX using the method presented in Cheng et al. (2019a). In all panels, the blue horizontal dashed lines
(with RX,BSS = 1) represent a uniform distribution of X-ray sources (or BSS) relative to the integrated light of the cluster.
BSS data of ω Cen were adopted from (Ferraro et al. 2006), while BSS and X-ray source data of 47 Tuc were adopted from
Ferraro et al. (2004) and (Cheng et al. 2019a), respectively. Ranges of the distribution dips (i.e. radial bins with RX,BSS < 1)
in 47 Tuc are highlighted with gray color.
To illustrate this effect better, we make a comparison between ω Cen and 47 Tuc in Figure-3. 47 Tuc is a typical
Family II cluster, showing significant distribution dips of BSS and X-ray sources identified by Ferraro et al. (2004)
and Cheng et al. (2019a) respectively. The proper-motion study shows that 47 Tuc has reached a partial equipartition
state. With η is measured to be η = 0.21 ± 0.01 in the mass range of 0.3M⊙ ≤ m ≤ 0.9M⊙ (Watkins et al. 2020).
According to the value of η, the evolution state of 47 Tuc is comparable to ω Cen. However, the radial distribution
of BSS and X-ray sources suggests that these two clusters are apparently different. With an age of Tage = 13.06Gyr
(Forbes & Bridges 2010) and a core relaxation timescale of trc ≈ 0.69Gyr (Harris 2010 edition), 47 Tuc is dynamically
older (nrel = 190) and its scaling parameter is estimated to be meq ≈ 1.6M⊙. The lower value of meq indicates that
47 Tuc has exhausted its BH population, and low-mass stars (such as BSS and X-ray sources) started to fall into the
cluster core and created significant distribution dips in this cluster. Indeed, the proper-motion study shows that BSS
are successfully separated from the MSTO stars in 47 Tuc, with σBSS/σMSTO = 0.77 ± 0.06 (Baldwin et al. 2016).
More interestingly, we found that there is evident mass segregation delay between the BSS, bright and faint X-ray
sources in 47 Tuc (Cheng et al. 2019a). Although the BSS (m = 1.51± 0.17M⊙) have a larger average mass than the
bright (m = 1.44 ± 0.15M⊙) and the faint (m = 1.16 ± 0.06M⊙) X-ray sources. It seems that BSS can not quench
the mass segregation of the X-ray sources effectively. With nrel >> 1, X-ray sources had been expelled out of the
cluster core would be quickly dragged back to the cluster center by dynamical friction, and created a distribution
dip within the region avoids of BSS in 47 Tuc (Figure-3 (c), (d) and (e)). For ω Cen, the core relaxation timescale
(trc ≈ 3.98Gyr; Harris 2010 edition) is about 2.9 times shorter than its age (Tage ≈ 11.52Gyr; Forbes & Bridges
2010), which corresponds to a scaling parameter of meq ≈ 3.2M⊙. The large value of meq is in support of the presence
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of a BHS (with m• ∼ 3.2M⊙) in ω Cen6. Moreover, as the value of nrel decreases quickly outside of the cluster core,
dynamical friction is inefficient in driving BSS and X-ray sources fall back to the cluster center when they are expelled
out of the cluster core by gravitational encounters. Therefore, both BSS and X-ray sources are uniformly mixed with
normal stars in ω Cen.
4.2. Black Hole Burning as an Interanl Energy Source in ω Cen
Among the Galactic GCs, ω Cen is unique for many reasons. It is one of the few clusters found to have a retrograde
orbit in the Milky Way (Dinescu et al. 1999; Vasiliev 2019), and its stellar metallicity and population is also the most
complicated (Lee et al. 1999; Smith et al. 2000), with at least 15 subpopulations have been identified (Bellini et al.
2017b). These observational features have led to the suggestion that ω Cen is the remnant core of a dwarf galaxy
that was captured and almost completely tidally stripped by the Milky Way (Majewski et al. 2000; Bekki & Freeman
2003). Theoretically, the Galactic tidal stripping is thought to have a net effect in accelerating the dynamical evolution
of clusters (Gnedin et al. 1999; Baumgardt & Makino 2003; Gieles et al. 2011), which favors the production of energy
in GCs and may be responsible for the creation of overabundant binary burning products in Terzan 5 (Cheng et al.
2019b). However, this picture is at odds with the case of ω Cen. In Section 3, we have shown that the abundance of
weak X-ray sources and BSS in ω Cen is much smaller than in the Galactic field, Local Group dwarf elliptical galaxies
and other GCs, and the binary hardness ratio of ω Cen is located far below the fitting correlation line of dynamically
normal GCs in the LX/(LKfb) − σc diagram. These evidence suggest that the binary burning processes are highly
suppressed in ω Cen, and other internal energy sources are dominating the energy production of this cluster. In fact,
although the orbit of ω Cen is found to be highly eccentric (i.e., with perigalactic distance Rp = 1.35 ± 0.04 kpc
and apogalactic distance Ra = 7.0 ± 0.04 kpc, respectively; Baumgardt et al. 2019b), and the cluster tidal radius is
about 3 times larger at apogalacticon than at perigalacticon. Significant tidal stream was identified to be associated
with ω Cen around the apogalactic passage (Myeong et al. 2018; Ibata et al. 2019). These features lend support to
the existence of an invisible “heating mechanism” in ω Cen, which drives the cluster to expand to be tidally limited
throughout the orbital motion in the Milky Way.
In addition to the binary burning processes, there are three other “heating mechanisms” in GCs. The first is
the strong mass-loss due to rapid stellar evolution, which heats the cluster indirectly by reducing the potential well
of GCs quickly, thereby driving the system to expand in the early stage of cluster evolution (Mackey et al. 2008;
Contenta et al. 2015). Once the massive stars have evolved, the BHs may concentrate to cluster center and form a
BHS. Through BH burning processes, BHs are frequently ejected to higher orbits in the cluster potential, leading to
interactions with luminous stars in the outer parts of GCs. BHs therefore can deposit energy into the host cluster and
dominate the expansion of GCs in later times (Merritt et al. 2004; Mackey et al. 2007, 2008; Breen, & Heggie 2013;
Wang et al. 2016; Arca Sedda et al. 2018; Giersz et al. 2019). Finally, if a central IMBH can be successfully formed
through the repeated mergers (or accretion) of BHs and stars within GCs, simulations suggest that it can also serve
as a “heating mechanism” (Baumgardt et al. 2004; Trenti et al. 2007; Gill et al. 2008). Since ω Cen is ∼ 11.5Gyr old
and the current mass-loss is negligible, we therefore only consider the cases of BHS and IMBH below.
In fact, the cluster surface brightness and stellar velocity dispersion profile have provided strong evidence for the exis-
tence of a dark component in the center of ω Cen, which could be either a BHS or an IMBH and both can have a contri-
bution to the gravitational mass of the system (Noyola et al. 2008; Jalali et al. 2012; van der Marel & Anderson 2010;
Baumgardt 2017; Zocchi et al. 2019). From the aspect of cluster dynamical evolution, it is hard to discriminate the
BHS and IMBH scenarios with full certainty, since both scenarios have similar effect in heating the cluster and quench-
ing the mass segregation of low-mass stars in GCs (Baumgardt et al. 2004; Gill et al. 2008; Trenti & van der Marel
2013; de Vita et al. 2019). However, Baumgardt et al. (2019a) argued that GCs hosting an IMBH tend to have a
deeper central potential well, thus more energetic stars are expected to be observed near the cluster center. In this
regard, they suggested that a BHS is better than the IMBH scenario in interpreting the absence of more energetic
stars (with 1D velocity v > 60 km s−1) within the central 20 arcsec of ω Cen (Baumgardt et al. 2019a).
Suppression of binary burning processes in ω Cen may provide another perspective to discriminate the BHS and
IMBH scenarios. As discussed in Cheng et al. (2018b), the dynamical evolution of primordial binaries in GCs is
subject to the Hills-Heggie law, which states that the hardening or disruption of binaries depends on the stellar
velocity dispersion of the cluster. If there is no BHS in ω Cen, the primordial binaries are mainly disrupted or
6 Here the adopted BH’s average mass is a rough estimate, which is biased toward the low-mass end of the BH mass function.
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hardened via the dynamical encounters with other normal stars, and the observed binary hardness ratio of ω Cen
should be larger, with the value of LX/(LKfb) follow the correlation line predicted by the Hills-Heggie law in Figure-2
(c). On the other hand, the presence of a BHS would have a net effect of reducing the value of LX/(LKfb) in ω Cen.
Through exchange encounters involving a BH, hard primordial binaries are preferentially transformed into BH-MS7
or BH binaries, thus resulting in a much lower abundance of binary burning products in ω Cen. We note that this
picture is consistent with the simulations of Ye et al. (2019) and Kremer et al. (2018b, 2020b), where the formation
efficiency of LMXBs, MSPs, CVs, ABs and BSS is found to be inhibited by the presence of a BHS in GCs.
With an IMBH, one may find from Figure-2 (c) a lot of similarity between ω Cen and the Galactic Nuclear Star Cluster
(NSC), in which the central supermassive BH (M• ∼ 4× 106M⊙) enhances the stellar kinetic energy greatly, thereby
boosting the dynamical disruption of binaries and reducing the observed value of LX/(LKfb) in NSC (Cheng et al.
2018b). However, the fraction of the IMBH mass (M• < 4.75× 104M⊙) in ω Cen is less than 5% of the cluster mass
(Baumgardt et al. 2019a), and its contribution to stellar kinetic energy is small. Therefore, although an IMBH is in
favor of disrupting binaries in GCs, most of the primordial binaries are destroyed by other stars rather than by the
IMBH directly (Trenti et al. 2007), which has a small effect in reducing the value of LX/(LKfb) in ω Cen. Furthermore,
if an IMBH is dominating the energy production of ω Cen, massive stars would fall into the radius of influence (Rroi)
of the IMBH and form a density cusp (Baumgardt et al. 2004). But in Figure-1, only one faint X-ray source was found
to be located within the margin of Rroi in ω Cen. Taking these aspects together, we suggest that the BHS is the
most likely scenario of “heating mechanism” in ω Cen. Through the BH burning processes, the BHS is dominating the
energy production of ω Cen, which also makes ω Cen a promising factory of gravitational-wave sources in the Galaxy.
For comparison, we also marked the locations of NGC 3201, NGC 6809 and 47 Tuc with orange texts in Figure-2
(c). NGC 3201 and NGC 6809 are found to have an upper limit of LX/(LKfb) smaller than that predicted by the
fitting correlation of dynamically normal GCs (Cheng et al. 2018b), which indicates that the binary burning processes
are also suppressed in these two GCs. For NGC 3201, three BH candidates are found in detached BH-MS binary
systems (Giesers et al. 2018, 2019), strongly supporting the existence of a BHS and BH burning in this cluster. While
for 47 Tuc, it is dynamically older and the BH population has been exhausted, hence MS binaries are dominating
the production of energy in this cluster, which is responsible for the creation of a large population of binary burning
products in 47 Tuc (Cheng et al. 2019a).
5. SUMMARY
Using the X-ray sources as sensitive probes of stellar dynamical interactions in GCs, we study the mass segregation
and binary burning processes in ω Cen. Our main findings are as follows:
1. Although the MS stars have reached a higher partial equipartition state (η = 0.16± 0.05) in the central region of
ω Cen. We show that the mass segregation of X-ray sources is quenched in this cluster, and the radial distribution of
X-ray sources is flatly distributed with respect to the normal stars in ω Cen.
2. The X-ray source abundance in ω Cen is much smaller than that in the Galactic field and other GCs (Cheng et al.
2018a), and the binary hardness ratio (traced by LX/(LKfb)) of ω Cen is far below the value predicted by the Hills-
Heggie law in the LX/(LKfb) − σc diagram. These features suggest that the binary burning processes are highly
suppressed in ω Cen, and other “heating mechanisms”, either a BHS or an IMBH, are essential in driving the dynamical
evolution of ω Cen.
3. Compared with the IMBH, the BHS scenario may provide a better explanation for the observed features in ω Cen.
Mass segregation of X-ray sources can be effectively quenched by the presence of a BHS in ω Cen. Meanwhile, through
exchange encounters, the BHS can also suppress the formation efficiency of binary burning products and reduce the
value of LX/(LKfb) in ω Cen. We note that these features are indirect evidence of BHS in ω Cen, and future detection
of BHs by microlensing can be used to constrain the BH populations in this cluster (Zaris et al. 2020).
4. Through the BH burning processes, the BHS is dominating the energy production of ω Cen, which also makes ω
Cen a promising factory of gravitational-wave sources in the Galaxy, and future gravitational-wave observations may
provide direct evidence to verify the BH burning processes in GCs (Benacquista et al. 2001; Kremer et al. 2018c).
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7 Due to the low duty cycles for the active state of a mass-transferring BH (Kalogera et al. 2004), BH-MS systems are hard to find via
X-ray emission, and their contribution to GC X-ray source population is small.
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Table 1. Main Chandra Source Catalog
XID RA Dec Error R logPB Cnet,f Cnet,s Fp,f Fp,s logLX,f logLX,s
(◦) (◦) (′′) (′′) (cts) (cts) (ph/s/cm2) (ph/s/cm2) (erg/s) (erg/s)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
1 201.454043 -47.524603 0.7 612.3 <-5 56.9+8.6
−8.5
49.3+7.7
−7.3
4.25E-6 2.45E-6 31.59 31.53
2 201.488797 -47.547074 0.3 561.2 <-5 184+15
−14
133+12
−12
7.16E-6 3.90E-6 31.90 31.65
3 201.497022 -47.563423 0.6 571.9 <-5 38.5+9.8
−9.3
21.6+6.0
−5.6
8.71E-7 4.09E-7 31.05 30.53
4 201.502950 -47.486434 0.4 472.3 <-5 58.1+10.1
−10.0
39.1+8.2
−7.6
1.10E-6 6.02E-7 31.01 30.84
5 201.506623 -47.551621 0.1 530.3 <-5 2138+52
−48
1054+36
−34
3.99E-5 1.54E-5 32.90 32.60
6 201.516903 -47.587070 0.7 584.0 <-5 35.2+9.8
−9.3
21.5+6.3
−5.7
8.51E-7 4.29E-7 31.03 30.51
7 201.517651 -47.468022 0.5 438.0 -4.66 27.3+8.4
−7.8
18.0+6.2
−5.5
4.76E-7 2.48E-7 30.78 30.26
8 201.518990 -47.461417 0.2 437.7 <-5 149+14
−13
97.2+10.8
−10.7
2.60E-6 1.33E-6 31.46 31.08
Note— Column (1): sequence number of the X-ray source catalog, sorted by R.A. Columns. (2) and (3): right ascension and decl. for
epoch J2000.0. Columns. (4) and (5): estimated standard deviation of the source position error and its projected distance from cluster
center. Column. (6): logarithmic Poisson probability of a detection not being a source. Columns. (7) – (10): net source counts and
photon flux extracted in the full (0.5–8 keV) and soft (0.5–2 keV) band, respectively. Columns. (11) and (12): unabsorbed source
luminosity in full and soft band.
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